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Fabrication of thermoelectric modules: 

Both n- and p-type legs were sliced to have a cross-section area of ~1.5×1.5 mm2 with vary length. The n- and p-type legs 

were bridged by a copper plate at hot side using Sn-Sb-Pb solder (melting point of ~360 °C), and the cold side were welded into a 

direct bonding copper plate using tin-based solder (melting point of ~210 °C), and then alternately positioned onto an insulated 

alumina ceramics (Al2O3) with dimensions of 10×10×0.65 mm3. This substrate is well suited for thermoelectric module due to its 

good thermal conductivity and electrical insulation. Detailed dimensions of different modules are shown in the Supplementary 

Table 1. Two Cu wires were soldered to the cold-side Cu plates to supply current and measure the terminal voltage.  

 

Supplementary Table 1. The detailed dimensions of the modules in this work. 

Module 
Framework 

(mm3) 

N 

(pair) 

Cross-sectional area, A 

(mm2) 

Material length, L 

(mm) 

Sb or Fe layer 

(mm) 

Ni layer 

(mm) 

Module-1 10×10×5 7 1.5×1.5 2 0.1 0.4 

Module-2 10×10×8 8 1.5×1.5 4 0.1 0.9 

Module-3 10×10×8 8 1.5×1.5 4 0.1 0.9 

 

Thermoelectric efficiency measurements: 

The power output (P) and conversion efficiency (η) of the Mg3SbBi/CdSb modules under different temperature differences 

were measured in vacuum (Supplementary Fig. 1)1. The cold-side temperature was maintained by water-cooling system. The 

heater, module and heat-flow meter (Cu bar) were assembled under a uniaxial pressure to improve the thermal contacts. Thermal 

grease (QM850) was used to improve the thermal contact between the heater and module and between the module and heat-flow 

meter. K-type thermocouples (Omega) were adhered to Al2O3 ceramics using silver paste for measuring the temperature difference 

between the hot (Th) and cold (Tc) side temperatures of the module. 
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Supplementary Fig. 1. Schematic (a) and a typical photograph (b) for the setup measuring the output power and efficiency 

of thermoelectric module.  

 

Two tubular heaters (Omega) were embedded in a graphite block for heating the module at hot side. Graphite was chosen for 

its high thermal conductivity and low thermal expansion coefficient. Circulating water cooling block along with a thermoelectric 

cooling plate were used to cool the temperature of the cold side. A Cu bar with a cross-sectional area identical to that of the 
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module (10×10 mm2) is used as a heat-flow meter with known thermal conductivity1 for measuring the heat flow through the 

thermoelectric module. Two K-type thermocouples (Omega) with a wire-diameter of only 0.6 mm for reducing heat loss were 

embedded and soldered to the heat-flow meter for determining the temperature difference. The distance between these two 

thermocouples is 17 mm. 

The typical temperature differences between the hot- and cold-side of the heat-flow meter (ΔTCu) are 0.4-1.6 K 

(Supplementary Table 1, Supplementary Fig. 2a), depending on the temperature differences applied to the module (ΔT). The linear 

relationship between ΔT and ΔTCu (Supplementary Fig. 2b) nicely suggests the consistent responsivity of the heat-flow meter. In 

order to ensure the accuracy in determining the temperature difference of the heat-flow meter, two K-type thermocouples (Omega, 

wire-diameter of 0.6 mm) are buried inside the copper-bar with a further soldering, and each thermocouple takes 60 measurements 

for averaging (Supplementary Fig. 2a). As can be seen, even at the smallest ΔTCu of ~0.64 K, the relative standard deviation (RSD) 

for these 60 measurements can be ensured to be within 3%, indicating the sufficiently large signal to noise ratio.  

A measurement of thermoelectric efficiency was enabled by measuring the output power (P=IV) and the heat flow in vacuum, 

where I is the current and V is the output voltage. By varying the load resistance and measuring the corresponding load voltage 

and current, the maximum output power can be obtained.  

The heat flow can be obtained by: 

𝑄 =
𝜅𝐶𝑢𝐴𝐶𝑢
𝐿𝐶𝑢

∆𝑇𝐶𝑢   , 
 

S1 

where Q, ACu, LCu, ΔTCu=T1-T2 and Cu are the heat flow, cross-sectional area of the copper bar, distance between the 

thermocouples, temperature difference and thermal conductivity of the heat-flow meter (Cu block). Because of the small 

temperature difference (ΔTCu), the thermal conductivity (Cu) is approximated as temperature independent. Therefore, the 

efficiency () can be estimated according to =P/(P+Q). The maximum efficiency (max) can be obtained by varying the load 

resistance in the circuit, and measuring the corresponding output power and heat flow. To minimize the system error, we measured 

each parameter (including temperature, voltage and current) for 60 times for averaging. 
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Supplementary Fig. 2. Schematic for the setup measuring heat flow (a), temperature dependent thermal conductivity of 

oxygen-free Cu (κCu) (b), temperature differences of the heat-flow-meter (ΔTCu=T1-T2) under different temperature differences 

(ΔT) applied to the module (c) and the relationship between (d). 

 

 

 

 

 

 



Supplementary Table 2. The temperature difference applied to the module (ΔT) and the corresponding temperature 

difference for the heat-flow meter (ΔTCu) of 60 measurements for averaging and its Relative Standard Deviation (RSD) of the 

heat-flow meter. The estimated uncertainty of ΔTCu, measured heat flow (Q), and conversion efficiency () of the module in this 

work.  

ΔT (K) ΔTCu (K) RSD (%) 
Uncertainty of 

ΔTCu (%) 

Uncertainty of  

Q (%) 

Uncertainty of  

η (%) 

70 0.64 2.9 7.8 14.1 12.3 

120 1.04 2.3 4.8 11.3 9.8 

170 1.47 1.5 3.4 10.1 8.4 

220 1.84 0.9 2.7 9.4 7.7 

270 2.31 0.6 2.2 8.9 7.2 

 

 



Estimation of heat radiation and leakage: 

In this work, a control experiment is carried out to figure out the main origin leading to the discrepancy between measured 

and predicted heat flows. In order to measure the vertical thermal radiation between the uncovered inner surfaces of the 

alumina-ceramic substrates of the module, two alumina-ceramic substrates of the same size are respectively fixed to the heater 

(hot side of the module) and the heat-flow meter (cold side of the module) with an exact separation of 3 mm (the total length of 

the leg and contacts of Module-1). The cold-side temperature is kept at 280 K, and varying the hot-side temperature enables a 

measurement of the corresponding vertical radiative heat flows under different temperature differences. As shown in 

Supplementary Fig. 3, an exact measurement setup of Module-1 but without thermoelectric materials is used to estimate the 

induced vertical heat flow due to heat radiation (vertical) between the substrates of the module. This corresponds to the extreme 

case of a zero-filling-fraction module, and the heat flow [Qrad(f=0)] of which can be used to estimate the case of a real case of 

module with a filling fraction of f=0.315 for Module-1 by [Qrad(f≠0)=Qrad(f=0)×(1-f)]. This helps understand that the discrepancy 

between measured and predicted heat flow increases with increasing ΔT, due to the increase in vertical heat radiation from the 

unfilled portion of hot-side substrate to the cold-side one at high temperatures (Supplementary Fig. 3). 
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Supplementary Fig. 3. Temperature gradient dependent measured vertical radiation heat (a, b). 

 

The heat radiated from the surfaces of legs to the surroundings (horizontal) can be estimated by the following equation2,3: 

𝑄𝑟𝑎𝑑 =
𝜀𝜃𝐶

Δ𝑇
  𝑇4 − 𝑇𝑆

4 
𝑇ℎ

𝑇𝑐

𝑑𝑇 

 

(S2) 

where the Qrad is the horizontal heat radiation, ε is the emissivity, θ is the Stefan-Boltzmann constant, C is the total outer side 

surface area of thermoelectric legs, ΔT is the temperature gradient, Th is the hot-side temperature, Tc is the cold-side temperature, 

T is the temperature distribution, and TS is the surrounding temperature. The emissivity of 0.5 is used according to the previous 

reports of thermoelectric materials2-4. The surrounding temperature is measured by two thermocouples in the vacuum chamber, 

and average (Supplementary Fig. 4). The estimated horizontal heat radiation increases with increasing temperature, leading to a 

heat loss of 2% at Th=550 K and Tc=280 K of Module-2 with a leg length of 4 mm. Since the horizontal heat radiation is 

proportional to the radiative surface area, Module-1 with a shorter leg length of 2 mm reduces the heat radiation loss to be only 

0.63% at the same temperature gradient of 270 K (Supplementary Fig. 4). Compared to the total heat-flow, the horizontal heat 

radiation loss for Module-1 is negligible. In this work, both horizontal and vertical heat radiations are taken into account for 

estimating the efficiency, and the corresponding maximum efficiency are listed in Supplementary Table 3. Note again that vertical 

radiation between unfilled module substrates leads to an overestimation in heat flow but horizontal one leads to an 

underestimation. 
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Supplementary Fig. 4. Hot-side temperature dependent surrounding temperature TS (a), temperature gradient dependent 

estimated horizontal radiation heat Qrad (b), and its fraction to the total heat flow (c). 



Supplementary Table 3. Temperature gradient dependent maximum efficiency of Module-1 with various corrections 

considering horizontal and/or vertical heat radiations. 

ΔT (K) 

ηmax (%) 

without considering 

the heat radiations 

Horizontal 

Qrad (mW) 

Corrected ηmax 

(%) with 

horizontal Qrad 

Vertical 

Qrad (mW) 

Corrected ηmax (%) with 

vertical Qrad 

Corrected ηmax (%) 

With both horizontal and 

vertical heat radiations 

70 1.59 3 1.58 9 1.60 1.59 

120 3.22 8 3.21 50 3.29 3.28 

170 4.64 14 4.62 100 4.78 4.76 

220 6.46 22 6.42 160 6.69 6.66 

270 8.21 33 8.17 242 8.57 8.52 

  

Heat leakages can be important sources causing measurement uncertainties. Indeed, we used thermocouples and Cu wires 

with as thin as possible diameters. Thermocouples/wires shown in Supplementary Fig. 1b come with insulation/shielding 

accessories, which make them look bigger than they actually are. In this work, note that the heat-flow meter locates underneath 

the cold-side of the module, the temperature of which is actually lower than the surrounding temperature (Supplementary Fig. 3). 

Nevertheless, heat transferred between the heat-flow meter and the surroundings is estimated to be only about 0.9% of the total 

heat Q. Even operating at a hot-side temperature of 550 K, additional heat transferred due to the thermal conduction of 

thermocouples, wires attached to the module and heat-flow meter, is estimated to be not greater than 2% of Q according to the 

Fourier’s law. Due to the small contribution, this work does not take into account the effect of heat transferred by these wires and 

thermocouples shown in Supplementary Fig. 1b. 



Uncertainty analyses: 

In this work, an oxygen-free Cu-bar is used as the heat-flow meter. The thermal conductivity (к) of Cu is determined by 

к=dCpD, where d, Cp, D are density, heat capacity and thermal diffusivity. The density was estimated by mass/volume and the 

thermal diffusivity was measured by a laser flash technique (Netzsch LFA457), the uncertainty in the measurement of к is about 

5% (Supplementary Fig. 2). The uncertainties of cross-area (ACu) and length (LCu) are less than 1%. At given steady temperature 

gradients applied to the module, the corresponding ΔTCu=T1-T2 fluctuate within 2~8% (Supplementary Table 2). Note that the 

uncertainty of ΔTCu decreases with increasing temperature gradient of the module (ΔT), leading to a small uncertainty of ~2% at 

the high-efficiency temperature gradient of ΔT=270 K. Moreover, to verify the accuracy and sensitivity of the heat-flow meter, 

intentionally varied hot-side temperature Th of the module lead to corresponding synchronous variations in T1 and T2 of the heat 

meter, however, ΔTCu=T1-T2 easily gets stabilized (Supplementary Fig. 5). No matter how the temperature gradient of the module 

is applied, steady or fluctuated, ΔTCu shows a rough linear increase with increasing ΔT (Supplementary Fig. 5f and Supplementary 

Fig. 2d). The open-circuit voltage (Voc) responds quickly to the hot-side temperature (Supplementary Fig. 6), further suggests the 

high responsivity of the measurement setup. In addition, the nice agreement in module efficiencies measured either by a 

steady-temperature-gradient or by oscillating-temperature-gradient techniques, confirms the excellent responsivity of the 

measurement setup (Supplementary Fig. 26 and Supplementary Fig. 27). All these features confirm the overall good 

stability/reliability/sensitivity of the heat-flow meter (Supplementary Fig. 2c).  

Therefore, the overall uncertainty of the efficiency measurement in this work is about 7~12%, depending on the temperature 

gradients applied to the module, and a larger temperature gradient tends to reduces the uncertainty (Supplementary Table 2). 

 

Supplementary Fig. 5. Temperature responsivity of the heat-flow meter under intentionally fluctuated heating process. 
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Supplementary Fig. 6. Hot-side temperature (Th) (a) and time (t) (b) dependent open-circuit voltage (Voc). 



Prediction of heat-flow: 

In this work, the heat-flow of a thermoelectric module is estimated by a simplified analytical one-dimensional model5. The 

internal resistance of the module (Rin) is: 

𝑅𝑖𝑛 = 𝑅𝑚𝑎𝑡𝑒𝑖𝑎𝑙𝑠 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠 = 𝑁 
𝐿

𝐴𝑝
𝜌𝑝   +

𝐿

𝐴𝑛
𝜌𝑛    + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑠  

 

 S3 

where Rmaterials is the total resistance of the thermoelectric materials, Rcontact is the total contact resistance, N is the number of pairs 

of couples, L is the length of each thermoelectric leg, Ap and An are respectively the cross-sectional areas of p-leg and n-leg,ρp 

andρn are respectively the average resistivity of p-type material and n-type material. 

    The open-circuit voltage (Voc) and the output power (P) of the module are: 

𝑉𝑜𝑐 = 𝑁(𝑇ℎ − 𝑇𝑐)(𝑆𝑝   − 𝑆𝑛   )  
S4 

𝑃 = 𝑉𝑜𝑐 𝐼 − 𝑅𝑖𝑛 𝐼
2  

S5 

where Th and Tc are respectively the hot-side and cold-side temperatures,Sp andSn are respectively the average Seebeck 

coefficient of p-type and n-type materials, I is the current. 

The open-circuit heat-flow (Qoc) of the module is: 

𝑄𝑜𝑐 = 𝑁(
𝐴𝑝

𝐿
𝜅𝑝   +

𝐴𝑛
𝐿
𝜅𝑛   ) 

 

S6 

whereκp andκn are respectively the average thermal conductivity of p-type and n-type materials. 

The input heat at the hot side (Qinput) of the module: 

𝑄𝑖𝑛𝑝𝑢𝑡 = 𝑄𝑜𝑐 + 𝑁[𝑆𝑝 𝑇ℎ − 𝑆𝑛 𝑇ℎ ]𝑇ℎ𝐼 − 𝑅𝑖𝑛 𝐼
2 2 − 𝑁 𝛽𝑝 + 𝛽𝑛 𝑇ℎ𝐼 2    

where βp and βn are combined coefficient of p-type and n-type materials, respectively. 

 

S7 

𝛽𝑛 =
𝑇𝑐
𝑇ℎ

 𝑆𝑛 𝑇𝑐 − 𝑆𝑛    +  𝑆𝑛   − 𝑆𝑛 𝑇ℎ   
 

S8 

𝛽𝑝 =
𝑇𝑐
𝑇ℎ
 𝑆𝑝   − 𝑆𝑝 𝑇𝑐  +  𝑆𝑝 𝑇ℎ − 𝑆𝑝     

 

S9 

The heat-flow at the cold-side of the module (Q) can be estimated by: 

 

𝑄 = 𝑄𝑖𝑛𝑝𝑢𝑡 − 𝑃 
 

S10 

The prediction of Q is shown in Supplementary Fig. 24b. 

 



Calibration of the module measurement system: 

In this work, the measurement accuracy has also been double checked with the results measured by the commercial 

instruments from both material and module levels.  

For the module level, a commercial Bi2Te3 module HT-01702 from TECooler Technology6 is used as the standard module 

for the cross-check of the measurement accuracy. The dimensions of the commercial Bi2Te3 module are 9.8×9.8×4.4 mm3. The 

module’s properties include voltage, current and heat-flow are measured at different temperature gradients by the different 

apparatus (Supplementary Fig. 7 and Supplementary Fig. 8). The output power P=VI measured by our setup is distinguishable to 

that by Mini-PEM (Advance Riko, Japan), indicating the nice accuracy here in electrical properties measurements. More 

importantly, the heat-flow (Q) measured by this system is also highly comparable to that by Mini-PEM. This leads the maximum 

conversion efficiencies (ηmax) of the commercial Bi2Te3 module measured by different apparatus and that disclosed by TECooler 

Technology to be almost the same, ensuring the accuracy of the system here for efficiency measurements (Supplementary Fig. 9).  
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Supplementary Fig. 7. Current I dependent output voltage V (a), power P (b), heat flow Q (c), and conversion efficiency  

(d) under different temperature differences for commercial Bi2Te3 module HT-01702 measured in this work. 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.3

0.6

0.9

1.2

1.5
Commercial Bi2Te3 module HT-01702

 400  302

 450  303

 500  305

V
 (

V
)

I (A)

T
H
,  T

C
 (K)

Measured by Mini-PEM

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

P
 (

W
)

I (A)

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6


 (

%
)

I (A)
0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

Q
 (

W
)

I (A)

a                                 b

c            d

 

Supplementary Fig. 8. Current I dependent output voltage V (a), power P (b), heat flow Q (c), and conversion efficiency  

(d) under different temperature differences for commercial Bi2Te3 module HT-01702 measured by Mini-PEM. 



  

Supplementary Fig. 9. Temperature gradient dependent open-circuit voltage V (a), power P (b), heat flow Q (c), and 

maximum efficiency max (d) for commercial Bi2Te3 module HT-01702 measured in this work and by Mini-PEM, with a 

comparison to that disclosed by TECooler Technology. The error bars represent the measurement uncertainties in this work. 

 

For the materials level, the average thermal conductivity (κavg) of p-type CdSb and n-type Mg3SbBi alloys is measured by a 

laser flash technique (Netzsch LFA467) and the steady-state technique using the exact heat-flow meter. The dimensions of the p- 

and n-type materials are 10×10×2.1 mm3 and 10×10×2.3 mm3, respectively. As shown in Supplementary Fig. 10, the laser flash 

method tends to show a lower thermal conductivity than that measured by a steady-state technique, which was indeed confirmed 

by our measurements in both n- and p-type materials (red data points by LFA467 locating slightly underneath those by heat-flow 

meter). Furthermore, we also corrected the measurement results by the steady-state technique (using the heat-flow meter), taking 

into account the effect of horizontal thermal radiations (absence of vertical ones in this measurement). Note that the steady-state 

technique (using the heat-flow meter) leads to a higher thermal conductivity than that measured by the laser flash method in both 

n- and p-type materials (Supplementary Fig. 10).  
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Supplementary Fig. 10. Hot-side temperature dependent average thermal conductivity (κavg) measured by Netzsch LFA467 

and the heat-flow meter of p-type CdSb alloy (a) and n-type Mg3SbBi alloy (b). The error bars represent the measurement 

uncertainties in this work. 
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Supplementary Fig. 11. Room temperature XRD patterns (a, c), back-scattering scanning electron microscope (SEM) 

images and corresponding energy dispersive X-ray spectroscopy (EDS) compositional mapping (b, d) for n-type Mg3.1Y0.01SbBi 

and p-type Cd0.99Ag0.01Cd. 
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Supplementary Fig. 12. Temperature dependent thermoelectric figure of merit zT (a, d) and its corresponding average zTavg 

(b, e) and compatibility factor (c, f) for p-type (a, b, c) and n-type (d, e, f) thermoelectrics, respectively, with a comparison to 

literature results of Bi2Te3-based thermoelectrics assembled for modules7-11, and the corresponding efficiencies are shown in Fig. 

5 and S23. 
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Supplementary Fig. 13. Temperature dependent figure of merit zT of p-type CdSb (a) and n-type Mg3SbBi (b) with a 

comparison to other high-performance Bi2Te3-based thermoelectrics but not assembled for modules12-22. 
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Supplementary Fig. 14. Phase diagram of binary Cd-Sb system (a), powder XRD patterns for CdSb before and after a 673 

K annealing for 48 hours (b), and backing-scattering SEM images and EDS compositional mapping for CdSb before (c) and after 

annealing (d). 
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Supplementary Fig. 15. Long-term measurement of thermoelectric properties ρ/ρ0, n/n0, S/S0 and (S2/ρ)/(S2/ρ)0 for p-type 

CdSb (a, b, and c) and n-type Mg3SbBi (d). 
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Supplementary Fig. 16. Temperature dependent thermal conductivity before and after a 200~250-hour aging of CdSb at 550 

K and Mg3SbBi at 600 K. 
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Supplementary Fig. 17. Interfacial contact resistance accounts for the total resistance (Rc/R) (a), the corresponding reduction 

in output power (P/Pmax) (b), the output power density (Pd) (c), and Pd×L (d) as a function of leg length of thermoelectric 

materials. The curves show the predictions according to the properties of thermoelectric materials and the contact resistance. 
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Supplementary Fig. 18. Interfacial contact resistivity for different CdSb/metal interfaces. 

 

Supplementary Table 4. Interfacial contact resistivity for different CdSb/metal interfaces. 

Electrode/barrier/TE materials ρc(μΩ cm2) 

Ni/CdSb 52 

Fe/CdSb 57 

Cu/CdSb 387 

Al-Si/CdSb 1026 

Ni/SnTe/CdSb 156 

Ni/CoSb3/CdSb 196 

Ni/Sb/CdSb 30 

 

Ni/CdSb Ni

CdSb

Merged

 

Supplementary Fig. 19. SEM images and EDS mapping of Ni/ CdSb after 14-days aging at temperature of 550 K. 
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Supplementary Fig. 20. Line scanning of resistance across the Ni/Sb/CdSb (a) and Ni/Fe/Mg3SbBi (b) interfaces of 

different legs. 
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Supplementary Fig. 21. Current I dependent output voltage V and power P (a), open-circuit voltage Voc and internal resistance Rin (b), 

heat flow (c), and conversion efficiency  (d) under different temperature gradient for Mg3SbBi/CdSb thermoelectric Module-2.  
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Supplementary Fig. 22. Current I dependent output voltage V and power P (a), open-circuit voltage Voc and internal resistance Rin (b), 

heat flow (c), and conversion efficiency  (d) under different temperature gradient for Mg3SbBi/CdSb thermoelectric Module-3. 
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Supplementary Fig. 23. Current dependent power density (Pd) for Module-1 (a) and Module-2 (b), temperature gradient 

dependent maximum power density (Pd) (c) and specific maximum power density (PdL) (d) of the modules in this work with a 

comparison to literature results of Bi2Te3-modules7,8.  
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Supplementary Fig. 24. Temperature gradient dependent measurement and prediction of the heat-flow Q at η=0 and η=ηmax 

(a), the maximum efficiency ηmax as a function of the length of thermoelectric materials (b), and ηmax (c and d) for the 

CdSb/Mg3SbBi modules. Literature results of Bi2Te3-modules and MgAgSb/Mg3SbBi-modules are included for a 

comparison2,7-11,23-27. The error bars represent the measurement uncertainties in this work. 
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Supplementary Fig. 25. Stable output voltage (V) (a), output power (P) (b), heat flow (Q) (c) and efficiency () (d) of 

CdSb/Mg3SbBi thermoelectric module at a hot-side temperature of 555 K and a cold-side temperature of 308 K.  
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Supplementary Fig. 26. Time dependent hot-side temperature Th (a), output voltage V (b), current I (c), output power P (d), 

heat flow Q (e) and efficiency η (f) of Module-1 with different load resistance.  
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Supplementary Fig. 27. Current I dependent output voltage V (a), output power P (b), heat flow Q (c) and efficiency η (d) 

of Module-1 before and after cycle measurement. 
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Supplementary Fig. 28. Line scanning of resistance across the Ni/Sb/CdSb (a) and Ni/Fe/Mg3SbBi (b) interfaces after 

long-term aging at 550 K. 
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Supplementary Fig. 29. Interfacial contact resistivity after different aging time at 550 K and the corresponding SEM images 

and EDS mapping of Ni/Sb/CdSb (a, b, c) and Ni/Fe/Mg3SbBi (d, e, f) interfaces. 

 

 



Supplementary Table 5. The abundance (ppm%)28, yield (t/year)28 and price ($/kg)29,30 of elements, the material density and 

the maximum efficiency (ηmax) of different modules7 using a heat source of ~550 K.  

Element

Abundanc

e

(ppm%)

Yield(201

6)

(t/year)

Price

($/kg)
Material

Density 

(g/cm3)

Price

($/kg)
Module

ηmax

(Th~550 K)

Cd 0.15 23000 15 CdSb 6.8 4.37

p-CdSb/n-Mg3SbBi 8%Mg 23300 27700000 15.15

Mg3SbBi 4.9 5.24
Sb 0.2 130000 40.75

Bi 0.0085 10200 37.5 Bi0.5Sb1.5Te3 6.9 47.4

p-BT/n-BT 6.6%Te 0.001 2200 460

Bi2Te2.7Se0.3 7.8 36.28
Se 0.05 2200 117.5
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